PROGRESSIVE histologic changes occur in the pulmonary arteries and arterioles, as a complication of chronically elevated pulmonary arterial blood pressure, in patients with congenital septal defects of the heart. The progression is so stereotyped as to allow a division of the structural effects into 6 grades (table 1) , although it is recognized that there is a gradual change from one grade to another. This division is of great practical value, since it enables the pathologist to express a whole group of complex changes in a succinct manner as a grade number. In the present communication, based primarily on the study of 67 cases of congenital septal defects of the heart and 2 cases of idiopathic pulmonary hypertension, a detailed description is given of the histologic changes that characterize each grade. In 55 cases pulmonary hypertension was demonstrated at cardiac catheterization or at cardiotomy; in 9 instances elevated pressure in the pulmonary circulation was inferred from the clinical and pathologic findings. In the remaining 5 cases, From the Mayo Clinic and the Mayo Foundation, Rochester, Minn. The Mayo Foundation is a part of the Graduate School of the University of Minnesota.
Dr. Heath was in receipt of a Rockefeller Travelling Fellowship in Medicine while participating in this investigation, which was supported in part by a research grant number H-3531 , from the National Heart Institute, U. S. Public Health Service. 533 the pulmonary artery mean blood pressure was less than 30 mm. of mercury; these were all cases of atrial septal defect studied to illustrate the grade-1 changes in this disease. No cases with pulmonary venous obstruction were studied although at least the earlier changes of hypertensive pulmonary vascular disease and pulmonary arteritis occur in this group of patients. In a companion paper,' the relation between each grade and pulmonary artery blood pressure, flow and resistance, and age is demonstrated. In a third study,2 the relation between each grade and the reversibility of pulmonary hypertension after surgical correction of the cardiac anomaly is considered. This paper is concerned solely with the changes found in small pulmonary vessels. Structural changes also are found in the intima and media of elastic pulmonary arteries. Atheroma is the characteristic intimal feature related to pulmonary hypertension in these large arteries. The configuration of the elastic tissue of the media of the pulmonary trunk differs in pulmonary hypertension that is acquired from that which is present from birth. These changes in the intima and the media 4HEATH, EDWARDS tal (lefect large patellt dluctus arteriosus, or any other form of ('oligeniital heart disease asso(inted with a free ('ommllnii(eatioll betweenl the svsteiiic a 1(1 1)11 linonary-circulations and 1)ulilollary llvI)ertellsioll from l)irth. This qtualificationi is necessary because the earliest changes seen ini the pulmonary vessels in cases of atrial septal defect (or similar diseases associated with acquired pulmonary hyperten- Sion followhing a long( period of high pulmoniary 1)lood flow) with increased pulmoliary artery bloo10 pressure are not identical with, althotigh ini some respects they are sihilar to, those seen in ventricular sel)tal defect. Furtlhermore, in acquired idiopathic pulmonary hypertension, the early histologic changes as- sociated with the elevation of blood pressure differ from those associate(l with ventricular septal defect. The histologic ehauiges defined as grade 1 of hypertensive pulmoniary-vascular disease ini the following section refer to changles sceeu inl patieIits having congenital heart disease associated with pulmonary hypertenision from birth. The corresponding gmrade of chang(re seeni in l)atieilts having atrial septal defect and ac(luired idiopathic pulmonary hypertension is dealt with at the end of the paper. It needs to be stressed, how- ever, that, whereas grade-1 changes are simply an integral part of the various structural and functional alterations ini large ventricular septal defect, structural changes of grades 2 and 6 occur as a result of the raised pulmonary artery blood pressure. Grades 2 to 6 are lpresent among all forms of hypertensive pulmonary vascular disease, whatever the etiology, and are found in each of the 2 groups of heart disease referred to hereium, as well as in idiopathic pulmonary hypertension.
Before the pathologic aspects of hyperteunsive )ulmonary vascular disease are described, it is necessary to present the histologic features of normal pulmonary blood vessels.
IIISTOLOGIC FEATURES OF NORMAL PULJMONARY BLOOD VESSELS
The walls of the pulmonary. arterioles cotisist of a single elastic lamnina except proximally at their origin from a muscular artery where serial sections demonstrate their walls to consist of a thin media sanidwiched lbetweell initernal and external elastic lamiuia(,.5' lii the ina jority of )atients beyond adolescence studied in this series aCid inl grouips of controls studied )reviously," finie acellular inltitnal fib)rosis was fouuid in arterioles as a normal age change. As already stated, the vast majority of pulmonary arterioles do not have a muscular media beyond their immediate origin from a muscular pulmonary artery, but vessels as ssmall as 80 ,u in diameter with a thin but distilict muiiislcular media, bounded by internalt all(l external elastic laminae, (can be found after careful search of section.s of the normal lun1g.7 These tiny vessels, which look like small muscular pulmonary arteries, are foun(l predominantly in the lingula pulmonis.8
Arterioles arise either as branches, at right angles to the parent stemn, which is related to the respective alveolar duct, or as terminations, at anr oblique angle, of small muscular pulmonary arteries. Branches of the former type also may arise from quite large muscular arteries iiear small bronchi and munch more proximally in the pulmonary vascular tree than the arterioles that arise as terminations of muscular pulmonary arteries. They have a thin wall with a lumen-to-wall ratio of about 8 :1.; Bremnerg defined pulmonary arterioles as arterial vessels in the lung less than, 100 ti in diameter, but obviously this is only an approximation. The main criteria employed in the recognition of arterioles apart from size are the structure of their walls and their origin from small museular arteries.
The muscular pulmonary arteries, usually defined as arterial vessels between 100 and 1,000 ju in diameter,9 consist of a thin media bounded by internal and external elastic laminae. The media is composed predominantly of smooth muscle with occasional collagenous and elastic fibrils. In small muscular arteries less thani 300 [t in diaumeter the media has a thickness equivalent to 2.8 to 3.1 per cent of the external diameter of the vessel in the upper and lower lobes and 5.5 to 6.8 per cemut in the region of the liigula. These figures have beenl confirmed previously bymensuration of medial thickumess in this class bosis. These complex vascular formations consisting of severely dilated vessels with internal cellular proliferations we term "dilatation lesions," and they are to be distinguished from the generalized dilatation that occurs throughout the pulmonary vasculature in some stages of pulmonary hypertension. These dilatation lesions are seen in 4 main forms: (1) plexiform lesions, (2) veinlike branches of hypertrophied, usually occluded, muscular pulmonary arteries, (3) angiomatoid lesions, and (4) cavernous lesions.
1. The Plexiform Lesion. The pulmonary arterioles and smallest muscular pulmonary arteries are greatly distended to form sacs whose walls are fragile, consisting of a single elastic lamina or an exceedingly thin layer of muscle between 2 ill-defined elastic laminae ( fig. 5a ). Large similarly thin-walled channels leave these dilated sacs and terminate as capillaries that pass to the alveolar walls. In some instances vessels of capillary size leave the sacs and pass directly to the alveolar capillaries. As a result of endothelial proliferation and thrombosis in these dilated vessels, 3 zones, frequently well defined, may be seen in them. Proximally there is fibrous tissue continuous with that in the intima of the patent muscular pulmonary artery. In early lesions this fibrous tissue is cellular; in late lesions it is acellular. There is a central zone of proliferative cellular endothelial tissue which often assumes a characteristic plexiform pattern in the sac so that this lesion might conveniently be termed the " plexiform lesion." It is the hallmark of grade 4. Distally, in the distended sac, there is frequently a thrombus, stimulated probably by the papilliferous endothelial proliferation. As the lesion ages, the fibrosis spreads through it and finally replaces it ( fig. 5b and   c etit separate entity in the pulmonary substauce. The diameter of this structure approaches 1 mnn. 4 . The Cavernous Lesion ( fig. 6d ). Intermediate between the 2 forms previously described, this form of lesion is composed of cavernous vessels that arise from a thin-walled branch of a muscular pulmonary artery.
All 4 types of dilatation lesions are simply severer and more complex expressions, ill the pulmonary arterioles and the smallest pulmonary arteries, of the generalized dilatation that occurs throughout the pulmonary vaseulature as a result of the chronically high vascular resistance. Early generalized dilatation is seen in association with the predominanitly hypertrophied vessels in a late stage of grade 3, but the appearance of the plexiform lesion is the hallmark of grade 4.
In severer examples of grade 4 and in grade 3, the generalized dilatation of pulmonary arteries also proceeds. Grade 5 is characterized b)y the appearance of many veinlike l)ralilihes of hypertrophied arteries and the angioniatoid and cavernous lesions, all of which give rise to sinusoid-like vessels throughout the pulmonary substance. The algiomiatoid lesion is rare aiid was not seen in the Mayo Clinic series reported herein. of hypertrophy to those of dilatation. Both the muscular pulmonary arteries and the arterioles show progression in the dilatation that was seen to originate in the late stages of grade 3. The hallmark of grade 4 is the appearance of the plexiform type of dilatatioti lesionsl described in the previous section ( fig. 5a, b, and c) . In addition , segmenits of l)ramiclhes of hypertrophied arteries dilate (fir. 5d).
A distended sac is formed but the wvall consists of a thin but still recognizable arterial structure with a distiiict media and internal and external elastic laminae. In su(ch dilated arteries intimal thickening may occur. The intimal tissue is fibrous and the fibers and( nuclei tend to be arranged conceintrically to give a so-called onion-layering appearance ( fig. 3d) (fig. 8c ).
The site of masses of adventitial fibrous tissue lying arouud branches of the muscular pulmonary arteries again suggests that the junction of artery and arteriole is a site of predilection for arteritis just as has been found for intimal fibrosis and the so-called dilatation lesions ( fig. 8d) .
Grade 1 iin Atrial Septal Defect. In atrial septal defect, and those other forms of congenital heart disease characterized by the presence of high pulmonary blood flow over a proloinged )eriod prior to the onset of pulmonary hypertension, the structural changes ini grade 1 differ from those seeni in ventricular septal defect. Initially, l)efore the onset of pulmonary hypertension, the pulmonary arterioles are lined by a single elastic lamina as in the normal person1.
Both they atid the small muscular pulmonary arteries are widely dilated. 
